The technical basis for the dose estimates for several radiopharmaceuticals used in nuclear cardiology is reviewed, and cases in which uncertainty has been encountered in the dosimetry of an agent are discussed. Also discussed is the issue of uncertainties in radiation dose estimates and how to compare the relative risks of studies. Methods: Radiation dose estimates (organ absorbed doses and effective doses) from different literature sources were directly compared. Typical values for administered activity per study were used to compare doses that are to be expected in clinical applications. Results: The effective doses for all agents varied from 2 to 15 mSv per study, with the lowest values being seen for 13 N-NH 3 and 15 O-H 2 O studies and the highest values being seen for 201 Tl-chloride studies. The effective doses for 99m Tc-and 201 Tl-labeled agents differed by about a factor of 2, a factor that is comparable to the uncertainty in individual values. This uncertainty results from the application of standard anthropomorphic and biokinetic models, presumably representative of the exposed population, to individual patients. Conclusion: Considerations such as diagnostic accuracy, ease of use, image quality, and patient comfort and convenience should generally dictate the choice of a radiopharmaceutical, with radiation dose being only a secondary or even tertiary consideration. Counseling of nuclear medicine patients who may be concerned about exposure should include a reasonable estimate of the median dose for the type of examination and administered activity of the radiopharmaceutical; in addition, it should be explained that the theoretic risks of the procedure are orders of magnitude lower than the actual benefits of the examination. Providing numeric estimates of risks from studies to individual patients is inappropriate, given the uncertainties in the dose estimates and the limited predictive power of current dose-risk models in the low-dose (i.e., diagnostic) range. and Risk Radiopharmaceuticals for Nuclear Cardiology: Radiation Dosimetry, Uncertainties, http://jnm.snmjournals.org/content/49/9/1555 This article and updated information are available at: http://jnm.snmjournals.org/site/subscriptions/online.xhtml Information about subscriptions to JNM can be found at: http://jnm.snmjournals.org/site/misc/permission.xhtml
Several different radiopharmaceuticals have been used in recent years for cardiac imaging in nuclear medicine. The dosimetry (i.e., published doses) of these agents may be quite different, and dosimetry issues for several of these agents have generated some confusion and concern. Here the technical basis for the dose estimates for various agents used in nuclear cardiology is described and differences in the dosimetry of the agents are discussed. Product package inserts, limited dose compendia, and other sources sometimes have presented conflicting and confusing information about the dosimetry of these agents. Practitioners sometimes have expressed concern about how differences in radiation dosimetry may affect the choice of a radiopharmaceutical. The dosimetry (organ absorbed doses and effective doses) of radiopharmaceuticals currently used in nuclear cardiology is reviewed, and uncertainties in the dose estimates are discussed. Relative radiation risks for these radiopharmaceuticals also are discussed. The principal motivation for this effort was to address questions from nuclear cardiologists about whether a particular radiopharmaceutical is preferred over another on the basis of their respective radiation risks. In addition, I describe an analysis demonstrating that the differences in most radiation dose estimates for the agents in question are small compared with the absolute uncertainties of these estimates. The use of risk models in evaluating the radiation risks of diagnostic studies also is briefly discussed.
MATERIALS AND METHODS
Radiation dose estimates (organ doses and effective doses) from different literature sources were directly compared. The most widely cited sources are publications of the Task Group on Radiopharmaceutical Dosimetry of the International Commission on Radiological Protection (ICRP), which has published dose estimates for various compounds, as has the Radiation Internal Dose Information Center (RIDIC); those recommendations are reviewed and compared here. The MIRD group of the Society of Nuclear Medicine has published dose estimate reports for only one of the agents used in nuclear cardiology and therefore has not provided much helpful guidance in this area, but the one contribution from the MIRD group is considered. Tabulated values of dose per unit of administered activity (mSv/MBq) are presented, and typical values of administered activity per study were used to compute and compare doses (mSv) that are to be expected clinically. 201 Tl-Chloride 201 Tl-chloride ( 201 Tl half-life 5 72.9 h) (thallous chloride), administered as an intravenous bolus injection, has been used for several decades to image the myocardium. The radiation dosimetry of 201 Tl-chloride was first established in 1977 by Atkins et al. (1) , who showed that the initial clearance of 201 Tl-chloride from blood is characterized by a rapidly decreasing biexponential function, with 91.5% of blood radioactivity disappearing with a half-time of approximately 5 min and the other 8.5% having a halftime of about 40 h. The uptake of 201 Tl-chloride by organs such as the liver, kidneys, heart, and intestines varied widely. Another study of the biokinetics of thallous chloride was performed later, by Krahwinkel et al. in 1988 (2) , also with human subjects. Their results were studied and slightly modified by Castronovo (3) and were generally accepted as being similar to those of Atkins et al. (1) , although obtained with more modern imaging technology. Both Atkins et al. (1) and Krahwinkel et al. (2) quantified the maximum uptake in the testes and obtained fairly similar results (0.15%20.3% of the administered activity), but studies by 2 other groups, Gupta et al. (4) and Hosain and Hosain (5) , suggested values for testicular uptake at 24 h of 0.8%21% of the administered activity. The ICRP Task Group on Radiopharmaceutical Dosimetry published dose estimates for 201 Tl-chloride in adults and children of various ages (6) by using the data of Krahwinkel et al. (2) to characterize the doses to most organs but adopting the more conservative upper estimates of testicular activity. The high doses to the testes caused some concern over the use of 201 Tl-chloride, particularly in younger subjects, because the doses to the testes could be higher than the doses to any other organ. Thomas et al. performed quantitative testicular scintigraphy with 201 Tl-chloride injected after peak exercise in 28 patients (56 studies) (7) and found a mean uptake of about 0.3%, in agreement with the earlier findings of Atkins et al. (1) and Krahwinkel et al. (2) .
RESULTS
The dosimetry of 201 Tl-chloride is complicated by the fact that preparations of 201 Tl are usually accompanied by the presence of radioactive contaminants, such as 200 Tl, 202 Tl, and 203 Pb. These contaminants do not contribute large amounts to the total doses to any organ, but their contributions must be included to provide a complete assessment of the dosimetry of the compound. The ICRP Task Group believes that the data of Thomas et al. (7) are sound and intends to revise the ICRP dose estimates in a future publication. The dose estimates for 201 Tl in the dosimetry compendium published by RIDIC (8) were based on the data of Krahwinkel et al. (2) and Thomas et al. (7) for doses to the testes (obtained before publication) and on the assumption of radiocontaminant levels similar to those in the study of Thomas et al.; therefore, they agreed well with the dose estimates of Thomas et al. Table 1 shows the dosimetry proposed by the 3 groups. Table 2 shows the contributions of the radiocontaminants to the total dose, calculated from the data of Thomas et al. (7) . The dosimetry values proposed by the groups are in generally good agreement, although significant differences exist between the ICRP estimates and the other 2 estimates for a few organs, including the testes (as would be expected from the 3-fold difference in modeled uptake), marrow, and thyroid. Marrow, with a tissue weighting factor of 0.12, and the testes, with a weighting factor of 0.25, have a considerable influence on the calculation of the effective dose and lead to the ICRP values being more than 40% higher than those suggested by Thomas et al. (7) . The values of the RIDIC group and of Thomas et al. (7) are preferred and, as noted earlier, future publications by the ICRP will reflect lower dose estimates for the testes and therefore lower effective doses.
99m Tc-Methoxyisobutylisonitrile ( 99m Tc-MIBI) 99m Tc-MIBI ( 99m Tc half-life 5 6.01 h) (MIBI is also known as sestamibi or hexamibi) is a cationic compound prepared from a lyophilization kit (trade name: Cardiolite; Bristol-Myers Squibb Medical Imaging) and is used in studies of cardiac ventricular function and myocardial perfusion. It accumulates in viable myocardium in proportion to regional blood flow. Clearance from blood is rapid; uptake is high in the muscle, liver, and kidneys; and uptake Table  3 . Although the dose estimates were generally similar, the patients used for the RIDIC data seemed to have higher rates of urinary and gastrointestinal excretion than those in the 2 studies used by the ICRP. Therefore, the doses to many systemic organs in the RIDIC model were lower, whereas the doses to the intestines and urinary tract were higher. The latter differences resulted in RIDIC values for effective doses that were about 50% higher than the ICRP values. Because of the larger (and published) patient database used by the ICRP, the ICRP dose estimates are preferred.
99m Tc-Tetrofosmin 99m Tc-tetrofosmin is a lipophilic technetium phosphine dioxo cation made from a kit formulation (trade name: Myoview; GE Healthcare) and is used to study myocardial perfusion. The compound is taken up in viable myocardial tissue in proportion to regional blood flow, like 201 Tl-chloride. It is cleared rapidly from blood and shows marked uptake in the liver, muscle, heart wall, kidneys, and salivary glands. The ICRP Task Group on Radiopharmaceutical Dosimetry characterized dosimetry on the basis of reports by Smith et al. (11) and Higley et al. (12) . No other groups have characterized the dosimetry of this agent; the ICRP values are shown in Table 4 .
F-FDG
Positron emission tomography (PET) imaging with 18 F-FDG is applied for the evaluation of ventricular function in coronary artery disease. The compound accumulates in the brain and heart muscle and is excreted in urine. Early dosimetry of this agent, as established by the RIDIC group, depended on a combination of organ distribution data gathered in dogs by Gallagher et al. (13) and data for the brain and urinary bladder gathered in human subjects by Jones et al. (14) The MIRD group published a dose estimate report for 18 F-FDG (15) in which biokinetic data from several human studies were combined as input data for dose estimates. The ICRP, however, found discrepancies between the findings of the MIRD group and other published datasets and developed an independent assessment of dosimetry. The dose estimates did not differ markedly (Table 5) , with the exception of the brain, urinary bladder wall, and pancreas. For the urinary bladder, the MIRD estimates were based on an irregular bladder voiding interval; therefore, the MIRD dose estimates cannot be directly compared with the other 2 sets of dose estimates. Human datasets are always preferred over animal datasets; therefore, the ICRP and MIRD estimates are more reliable than the RIDIC data. The ICRP estimates include all of the datasets used by RIDIC and MIRD as well as other recent data sources and therefore are preferred. Table 6 ). The ICRP model is preferred because it was published more recently and because it included a critical analysis of the model used by Ryan et al. 13 N-Ammonia ( 13 N-NH 3 ) 13 N-ammonia ( 13 N-NH 3 ) has been used for several decades for the evaluation of myocardial blood flow. Both the ICRP Task Group on Radiopharmaceutical Dosimetry and the RIDIC group used the data of Lockwood et al. (17) to establish the kinetics of 13 N-NH 3 ( 13 N half-life 5 9.97 min), but the ICRP used a slightly different interpretation of the model and obtained somewhat different dose estimates. As shown in Table 7 , most organ doses were quite similar, with the exception of the kidneys, and the effective doses were the same. RBCs labeled with 99m Tc circulate in the bloodstream and are useful in the evaluation of cardiac function. They are cleared from the body with biologic half-times of 40-80 h, and some urinary activity is detectable. The RIDIC group published dose estimates for in vitro and in vivo labeled RBCs (8) on the basis of a MIRD dose estimate report from 1990 (18) . The ICRP published a single model for labeled RBCs, with a brief discussion of the uncertainties related to the use of different labeling methods. These various dose estimates are in good agreement (Table 8 ).
is used as a diffusible tracer to quantify regional myocardial perfusion by PET with multiple intravenous injections. Both the RIDIC group and the ICRP used a flow-based model of radiopharmaceutical distribution with data from the study of Herscovich et al. (19) and other sources ( Table 9 ). The doses were very similar, and the effective doses differed by less than 10%. Therefore, either set of dosimetry values may be used, but the ICRP values are nonetheless preferred because they are based on several data sources that drew conclusions similar to those of Herscovich et al.
DISCUSSION
The dose estimates noted here for several agents vary notably among publications by different groups, a fact that can be confusing for the practicing physician or researcher. Which model is better? Are the observed differences between 2 dose estimates significant, or are they within the uncertainties of the data? Table 10 shows a summary of the radiation doses discussed here, along with the typical administered activities for the respective procedures, so that the actual total doses estimated to be received by subjects can be compared. The effective doses for all agents are about 2-15 mSv per study, with the lowest values being noted for 13 N-NH 3 and 15 O-H 2 O studies. The doses per study for 99m Tc-and 201 Tl-labeled agents differed by about a factor of 2; this difference must be assessed in the context of the numeric uncertainty in individual values.
Uncertainties in Internal Dose Calculations
For evaluation of the overall uncertainty in a radiation dose estimate, the uncertainty in each of the contributing terms must be considered, as described in a separate recent study (20) . The conclusions of the analysis are that internal dose estimates for diagnostic agents are model based, not based on measurements for individual subjects, and carry significant inherent uncertainties. The largest contributions to uncertainty are related to the following factors:
• With regard to the phantom-related parameters f (absorbed fraction of energy) and m (target organ mass), the f values themselves have relatively low uncertainties. However, their application to a population of individuals with variations from the median represented in the model introduces significant uncertainties, of at least tens of percentage points. • The biokinetic parameters inherent in the calculation of the number of disintegrations occurring in source regions, namely, fractional uptake and effective halftime in organs and the body, vary substantially among individuals. Variability of a factor of 2 or more is a reasonable assumption for the kinetics of any given radiopharmaceutical. If data are extrapolated from animal data, then dose estimates will tend to underestimate human dose estimates, and the 90% confidence interval for human organ cumulated activities probably will be an order of magnitude around the corresponding animal cumulated activities. • Changes in tissue weighting factors over time introduce additional differences in reported effective doses of up to 20%240%. This uncertainty may not be expected. Table 11 shows the differences in effective dose estimates obtained with 3 sets of ICRP weighting factors published at different times (21) (22) (23) . A similar analysis was provided by Einstein et al. (24) ; except for the 1979 ICRP values, good agreement with the values shown in Table 11 was obtained. The central result is the same-that reported effective doses vary by some tens of percentage points, depending on which set of tissue weighting factors is applied to a given set of organ absorbed doses. Einstein et al. also correctly pointed out that substantial differences often occur between published sets of dose estimates from groups such as the ICRP and dose estimates appearing in manufacturer package inserts, in which dosimetry data often are not up to date.
The combined uncertainty in applying any given radiopharmaceutical dose estimate for a median individual with a set of biokinetic data to any individual nuclear medicine patient is therefore, at a minimum, a factor of 2 and is perhaps considerably greater. In therapy applications, with accurate image-based quantification of organ activities and measurement of patient-specific biokinetic parameters and organ volumes, many of the model-based uncertainties can be removed, and the total uncertainty can be reduced to a value of perhaps 610%220% (25) . For diagnostic studies, reliance on standardized models for biokinetics and for body geometry will probably continue to be the normal practice, and uncertainties of factors of 2 or more in any given value are reasonable to assume. Two other authors who have addressed this issue have concluded that internal dose estimates may vary by up to a factor of 3 (26, 27) . In theory, uncertainties in dose estimates can be propagated by using what is known about population variability in body size, but knowledge of variability in biokinetic parameters is often more limited. This does not mean that radiation dose estimates should be treated as meaningless guesses, because they result from the careful application of the best available data and models and provide reasonable average values for planning purposes. Differences in dose estimates between any 2 radiopharmaceuticals should be appreciated and considered in overall planning for the use of various diagnostic techniques, but small differences in dose estimates between radiopharmaceuticals should not be considered decisive in choosing radiopharmaceuticals for broad Similar uncertainties encountered in the use of other modalities with ionizing radiation in cardiology examinations should be considered as well. Dose estimates for these studies (e.g., CT and fluoroscopy) are often based on the use of the same anthropomorphic models as those discussed earlier. Practices vary substantially between diagnostic centers as well. For example, in the Nationwide Evaluation of X-ray Trends (NEXT) 2000 Survey of CT conducted by the Conference of Radiation Control Program Directors, Inc. (28) , effective dose levels (mean 6 1 SD) were reported to be 1.2 6 0.7 mSv for head studies and 13.7 6 7.1 mSv for abdominal studies. The variability was attributed to differences in the radiation outputs of different scanners for the same model under the same conditions of operation and the imprecision of probe or phantom positioning, which might cause variations in scattered-radiation contributions to measured values. Therefore, effective doses in abdominal studies vary over a range similar to that discussed earlier.
One of the motivations for this work was to answer reasonable questions from nuclear cardiologists about whether a particular radiopharmaceutical is preferable over (31) pointed out that when patients receive repeated CT, PET/CT, or SPECT/CT studies over short periods of time, the cumulative doses received can approach the lowest dose levels at which some authors have claimed to show statistically significant increases in cancer risk in Japanese survivors of atomic bomb radiation (32) . However, the numeric uncertainties in these risk estimates, as well as in the dose estimates against which they are extrapolated, are substantial (29) , and there are several complicating factors in the interpretation of these results. These include the fact that the radiation doses were delivered at very high dose rates; the total doses included a significant neutron component; the subjects were exposed to fallout radiation, which resulted in internal doses, as well as to many other carcinogens; and other factors. Therefore, it remains an assumption that doses at the high end of the diagnostic range are carcinogenic. It remains prudent to limit the amount of radiation given in any particular study and to avoid unnecessary repeat studies; on the other hand, needed medical studies should never be avoided because of concerns over the very small and theoretic radiation risks involved, because the benefits of the study (i.e., the risks of not performing the study) always substantially outweigh these very low, theoretic risks (33) .
CONCLUSION
Radiation dose estimates for radiopharmaceuticals used in nuclear cardiology may vary, depending on the source of data used in their generation. Uncertainties in applying dose estimates to individual subjects or populations are considerable because of the use of standardized biokinetic and anatomic models. Considerations such as diagnostic accuracy, ease of use, image quality, and patient comfort and convenience should generally dictate the choice of a radiopharmaceutical, with radiation dose being only a secondary or even a tertiary consideration. Counseling of nuclear medicine patients who may be concerned about exposure should include a reasonable estimate of the median dose for the type of examination and administered activity of the radiopharmaceutical; in addition, it should be explained that the theoretic risks of the procedure are orders of magnitude lower than the actual benefits of the examination.
ACKNOWLEDGMENT
This article was produced in consultation with the RAdiation Dose Assessment Resource (RADAR) Task Group of the Society of Nuclear Medicine. 
